To develop effective reforming catalyst a series of Ni catalysts (Ni content 2-15 wt.%) supported on ceria-based oxides Ce 1-x M x O y were synthesized by incipient wetness impregnation. To regulate dispersion and reducibility of the active component, the variation of chemical composition of support was performed. The prepared samples of supports and catalysts were characterized by X-ray spectral fluorescence analysis, N 2 adsorption/desorption, X-ray diffraction, transmission electron microscopy, and thermal analysis. It was found that the support composition specified the forms of stabilization (NiO or Ni-M-O oxides, M = La, Mg) and capability to reduction of Ni-component through the realization of a different extent of interaction between Ni-containing species and support. The increase of M content in Ce x M 1-x O y support induces the decrease of Ce x M 1-x O y crystallite size, improvement of Ni active component dispersion and the increase of hard-to-reduce portion of nickel cations due to the growth in the degree of nickelCe x M 1-x O y interaction. The identified variation of the textural, structural and redox characteristics of the Ni/Ce x M 1-x O y catalysts should influence their performance in the catalytic process.
Introduction
Nickel-containing catalysts are effective catalytic systems for the conversion of hydrocarbons and oxygenates to hydrogen-containing gas [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . Significant advantages of nickel catalysts include their high activity and their relatively low cost. However, under the conditions of the catalytic process, the sintering and oxidation of the phase of the active component as well as the formation of carbon deposits are possible [10, [13] [14] [15] . This leads to a gradual deactivation of the catalysts and determines their main disadvantages. Achieving improvement in the process parameters is possible by optimizing the dispersion and capability to reduction of the active component through varying the support composition [10, 14, 16] , method and conditions of synthesis [15, 17, 18] , type and content of the promoter [13, 19] ; that is, by controlling the functional properties of the catalyst through directed regulation of its physicochemical characteristics.
The type and characteristics of supports can affect the structural and electronic properties of supported Ni species as well as take part in the transformation of reagents and intermediates. It was established [20] that MgO, ZnO, La 2 O 3 and CeO 2 oxides with basic characteristics provide the longterm stability of Ni catalysts through the promotion of oxygenate dehydrogenation but inhibition of its dehydration. Lanthanum oxycarbonate formation from La 2 O 3 support or high amount of mobile lattice oxygen in CeO 2 support are responsible for the removal of carbon deposits during fuel conversion over Ni-based catalysts [21] . Ce 1-x M x O y solid solutions (M = Zr, La) are also widely used as supports for reforming catalyst due to their redox properties, high oxygen capacity and mobility, as well as the implementation of strong interaction between supported metal and carrier [6, [22] [23] [24] . The own catalytic ability of CeO 2 -based supports and mode of their interaction with the active component are affected by dopant type [6, 25, 26] . In particular, the presence of the dopant cations (Gd, La, Eu) in the CeO 2 lattice increases the concentration of structural oxygen vacancies and the reducibility of the redox pair Ce 4+ /Ce 3+ , which leads to higher catalytic activity in the CO oxidation reaction than that of undoped CeO 2 [25] . At the introduction of 12 mol.% La 2 O 3 in the support composition of Co/Ce-La-O catalysts, the formation of the Ce(La)O x solid solution is observed that promotes the dispersion of metallic cobalt, decreases the coke deposits and increases the selectivity to H 2 in steam reforming of ethanol [27] . Rh-catalyst supported on the Ce-La solid solution with the molar ratio La/Ce+La = 0.3 has the highest reducibility that is proposed to correspond to the most abundant active sites for ethanol conversion [28] . So the development of appropriate support for reforming catalysts is an urgent issue.
This study continues our works on optimization of catalyst performance through regulation of support characteristics [2, [29] [30] [31] [32] [33] [34] and it is focused on the elucidation of the role of Ce 1-x M x O y support composition in physicochemical characteristics of Ni/Ce 1-x M x O y . The regulation of support characteristics and, consequently, the catalyst properties is carried out through a variation of kind (M = Gd, La, Mg) and molar portion (x = 0.1-0.9) of doping cation. Aiming at the identification of composition-structure-property relationships, the prepared samples were characterized by X-ray spectral fluorescence analysis, N 2 adsorption/desorption, X-ray diffraction, transmission electron microscopy, and thermal analysis.
Experimental

Preparation of supports and catalysts
were prepared by polymerizable complex method [33, 35] . The x (molar portion of M) was varied from 0.1 to 0.9. For comparative purpose, the one-component oxides (CeO 2 , Gd 2 O 3 , La 2 O 3 , MgO) were also synthesized in a similar way. The calcination temperature of prepared supports was 500 °C.
The Ni/Ce 1-x M x O y catalysts (Ni content -2-15 wt.%) were prepared by incipient wetness impregnation of supports (Ce 1-x Gd x O y , Ce 1-x La x O y , Ce 1-x Mg x O y ) with aqueous solutions of nickel nitrate. After that, the samples were dried at 90 °C and calcined in air for 4 h at 500 °C. The number before nickel in the catalyst name corresponds to the Ni content (wt.%).
Characterization of supports and catalysts
The prepared materials (Ce 1-x M x O y supports, Ni/Ce 1-x M x O y catalysts) were characterized by X-ray spectral fluorescence analysis (XRFA), low temperature nitrogen adsorption/desorption, X-ray diffraction (XRD), high resolution transmission electron microscopy (HRTEM) and thermal analysis (TA) in 5%H 2 /He in accordance with the procedures described previously [29, 33, 36] .
Results and discussions
Characterization of supports
The Ce 1-x Gd x O y , Ce 1-x La x O y and Ce 1-x Mg x O y supports were synthesized by the polymerizable complex method. The molar portion of dopant (x) was varied from 0 to 1 and was equal to 0, 0.1, 0.2, 0.5, 0.8, 0.9 and 1.0. The detailed description of properties of the Ce 1-x M x O y samples with x = 0.1-0.5 can be found in our previous papers [33, 35] . In this work, we increased content of doping cation up to x = 0.8- It is noted that the specific surface area of Ce 1-x M x O y materials synthesized by the polymerizable complex method is higher than those of samples prepared by sol-gel [37] or citrate complexation [38] methods.
In the applied preparation method metal cations are mixed at the molecular level and are fixed in the polymer matrix the removal of which occurs at low values (300-500 °C) of the calcination temperature [39] . This should ensure the formation of homogeneous solid solutions with developed specific surface area [40] . Indeed, according to XRD data (Fig. 1a) , the prepared Ce 1-x M x O y oxides (x = 0.1-0.9) are single-phase systems with the cubic structure of the fluorite type. The only exception is the Mg-containing system for which at x = 0.5-0.9 the presence of highly dispersed magnesium oxide is observed in addition to the formation of cerium-based oxide (Fig. 1a) . The uniform distribution of Gd and La doping cations in Ce 1-x M x O y (x = 0.1-0.5) matrix was confirmed by EDX maps obtained by the high-angle annular dark-field scanning transmission electron microscopy [35] . The absence of additional La-or Gd-containing phases at x = 0.8-0.9 according to XRD does not exclude their presence in highly dispersed or amorphous state in the composition of the samples.
The partial substitution of Ce 4+ with Mn + is confirmed by shifting of diffraction peaks toward lower (in case of Gd (Fig. 1a) . According to published data [41] [42] [43] [44] [45] [46] , the cubic fluorite structure of CeO 2 is the sole constituent of the XRD patterns of Ce 1-x M x O y oxides up to x = 0.4-0.6 for Gd, x = 0.6 for La and x = 0.5-0.9 for Mg-containing solutions. In our case the existence of Ce 1-x Gd x O y and Ce 1-x La x O y solid solutions in the wider range of x is connected with the mode (polymerizable complex method vs. co-precipitation) and conditions (low calcination temperature 500 °C vs. 800-1300 °C) of Ce 1-x M x O y preparation. The phase composition of Ce 1-x M x O y oxides (x = 0 or 1), which are the one-component systems, after calcination at 500 °C are cerium oxide CeO 2 (x = 0), La 2 O 2 CO 3 lanthanum oxycarbonate (x = 1, M = La), Gd 2 O 3 gadolinium oxide (x = 1, M = Gd) and MgO magnesium oxide (x = 1, M = Mg), respectively (Fig. 1b) .
The volume of the unit cell for Ce 1-x M x O y is changed in accordance with the radius and content of doping cation. It linearly increases (M = Gd, La) or decreases (M = Mg) with increasing of the molar fraction of the doping cation (Fig. 2) .
The average crystallite size (coherent scattering region, CSR) was estimated by applying the Scherrer equation to the characteristic (111) peak of CeO 2 from the XRD. These results indicate that it is sensitive to the molar fraction of doping cations. The size of Ce x M 1-x O y -crystallites dropped to the ~3 nm when the content of doping cation increases (Fig. 3) , thus supporting the literature data [44] . According to the HRTEM data [35] , the crystallites form polycrystalline agglomerates mainly in the form of plates. The values of CSR are equal to 12 nm, 15 nm and 20 nm for Gd 2 O 3 , La 2 O 3 and MgO samples, respectively. 
Characterization of catalysts
The prepared Ce x M 1-x O y oxides were used as supports for Ni- to 30% (Fig. 4a) . Nevertheless, the tendency in the surface area dependence on the type and content of the dopant was maintained. In particular, higher values of specific surface area are found for Ni catalysts based on Ce x M 1-x O y supports with a low molar fraction of dopants or containing La as dopant (Fig. 4b, 4c) . At low Ni content (2 and 5 wt.%) XRD patterns of Ni/Ce x Gd 1-x O y , Ni/Ce x La 1-x O y and Ni/Ce x Mg 1-x O y catalysts with x of 0.1-0.9 showed only the diffraction peaks corresponding to the fluorite type cubic phase of support. There is no evidence of NiO phase in the XRD patterns indicating that in this case NiO species are highly dispersed. At higher Ni loading (10 and 15 wt.%) for Ni/Ce x M 1-x O y samples the existing phases were cerium-based oxide and Ni-containing phase (Fig. 5a ). It is noted that the introduction of nickel does not practically affect the lattice parameter as well as the crystallite size of the CeO 2 -based phase of support. With respect to the Ni catalyst supported on the one-component systems (x = 0 or 1) the formation of NiO phase is only found in case of CeO 2 support (Fig. 5b) As follows from the XRD results the chemical composition of Ce x M 1-x O y has an effect on the kind of supported nickel-containing species which are formed in the support matrix after impregnation and following calcination at 500 °C (Fig. 5a) (Fig. 1a) contributed to its interaction with nickel and the formation of NiO-MgO solid solution.
It should be noted that irrespective of dopant type the intensity of the XRD line of the NiO phase decreases with an increase of the dopant content (Fig. 5a ) that is evidence of decrease of NiO average particle size. This effect is enhanced with a decrease of Ni content and in the following series of samples Ni/Ce x Mg 1-x O y < Ni/Ce x Gd 1-x O y < Ni/Ce x La 1-x O y (Fig. 6) . So for x = 0.5 the NiO particle size is equal to ~ 7 nm, atomically dis- Fig. 5a) . First, at low values of x in Ce x Mg 1-x O y support the decreasing of NiO particle size occurs, however, with the formation of solid solution at a higher value of x, the size of the Ni-containing phase increases. From the comparison of Fig. 6 and Fig. 4b data it follows that there are no correlation between the particle size of Ni-containing phase and S BET of supports. It can be seen that NiO particle size decreases with the deterioration of the textural characteristics of Ce x M 1-x O y supports. Thus, the NiO dispersion in the prepared materials is firstly determined by the type and content of dopant. It is shown [47] that Rh metal dispersion increases from 47 to 83% when the crystallite size of CeO 2 -support was varied from 29.3 to 6.5 nm. Analogously, in our case the growth of dopant content in support composition is accompanied by a decrease of average size of Ce x M 1-x O y -crystallites (Fig. 3 ) that leads to enhancement of NiO dispersion (Fig. 6) . More effective reduction of average particle size of the Ni-containing phase occurs at using of La as a dopant. When the crystallite size of the Ce x M 1-x O y support is equal to ~4 nm the size of the Ni-containing species is 4.5 nm, atomically dispersed and 17 nm for Gd, La and Mg-containing catalysts, respectively (Fig. 3, Fig. 6 ). The electron microscopy data confirm the results of the X-ray phase analysis. From TEM images of 10Ni/Ce 0.2 M 0.8 O y catalysts (Fig. 7) (Fig. 7a) (Fig. 7b) and Ni clusters of 0.5 nm in size (Fig. 7c) . STEM/EDX elemental mapping confirms the existence of the highly-dispersed species on the Ce 0.5 La 0.5 O 175 support [2] . It is well known that doping of ceria by Gd 3+ , La 3+ , Eu 3+ , Y 3+ , Pr n+ , Sn n+ cations or reduction of average size of CeO 2 -crystillites provides the growth of concentration of the oxygen vacancies in the mixed oxide [25, 37, 49] . The interaction of active component with such defective sites of support leads to the realization of special interaction between supported species and ceria [48, 50] . So, on the basis of obtained data it can be proposed that the surface defects of Ce x M 1-x O y serve as centers for stabilization of the Ni-containing active species that preserves them from sintering under thermal treatment and reaction conditions. The thermal analysis in 5%H 2 /He was carried out to reveal the relationship between the ability to reduction of Ni n+ cations and chemical composition of the Ni/Ce x M 1-x O y . As a typical example, Fig. 8 (a, b) shows TG (thermogravimetric), DTG (differential thermogravimetric) and DTA (differential thermal analysis) curves of Ce 0.8 La 0.2 O 1.9 and 15Ni/Ce 0.8 La 0.2 O 1.9 samples.
For Ce 0.8 La 0.2 O 1.9 support in the low-temperature region (T < 200 °C) an endothermic effect is observed, accompanied by sample weight loss due to the elimination of the adsorbed water. In the high-temperature region, distinct thermic effects do not exist, but the weight loss of the sample occurs at 585 °С (-∆m/m = 0.5 wt. %). According to H 2 -TPR [51] , reduction of doped CeO 2 exhibits two regions of hydrogen consumption which may be assigned to the reduction of surface species (300-600 °C) and bulk particles (600-900 °C). It can be assumed that the observed weight loss in the region T > 200 °C is related to the reduction of the Ce (Fig. 8b) . This effect may be connected with Ni n+ reduction [52] . The lower Ni content (from 15 to 2 wt. %) leads to the expected decrease in weight changes (-∆m/m from 4.4 to 0.8 wt. %) due to the reduction of Ni 2+ cations (Fig. 9a) . Irrespectively of Ni content, there is a peak at 580 °C that is attributed to the reduction of support. Figure 9a shows that with an increase of Ni content a shift towards lower temperatures of the peak connected with NiO reduction occurs. The temperature of the beginning of Ni 2+ reduction is equal to 400 and 350 °C for 2 wt.% and 15 wt.% samples, respectively. This finding allows us to conclude that reducibility of nickel cations increases with an increase of Ni content in the catalyst. According to [53] , it may be connected with the increase of NiO particle size and the decrease of metal-support interaction.
The ability to reduction of nickel cations is changing with variation of Ce x M 1-x O y support composition (Fig. 9b, 9c, 9d ). In particular, among studied materials the least ability to reduction is (Fig. 9d) that can be related with the existence of NiO-MgO solid solution in these samples (Fig. 5 ) [54] . Regardless of the type of the dopant, an increase in its content leads to an increase in the proportion of hard-toreduce forms of nickel cations (Fig. 9b, 9c ). It can be concluded that growth of x value from 0.1 to 0.9 for Ce 1-x Gd x O y , Ce 1-x La x O y or and Ce 1-x Mg x O y supports leads to improving the interaction between the supported species of active component and carrier due to the reduction of the crystallite size of the Ce x M 1-x O y and increase of the concentration of surface defects. Such increase in the degree of metal-support interaction is manifested in increase of the dispersion of the Ni species, but also in the deterioration of its reducibility. The identified variation of the textural, structural and redox characteristics of the Ni/Ce x M 1-x O y catalysts should influence their performance in the catalytic process.
Conclusions
Nickel catalysts on Ce 1-x M x O y supports were prepared by incipient wetness impregnation method, and their physicochemical properties were studied against Ni content (0-15 wt.%) and composition of support (Ce x Gd 1-x O y , Ce x La 1-x O y and Ce x Mg 1-x O y , x = 0-1). The increase of the dopant content in Ce x M 1-x O y solid solution induces the decrease of its crystallite size and strengthens the Ni-support interaction. It causes improvement of Ni dispersion but decreases Ni n+ cation reducibility. It is expected that Ni/Ce 1-x M x O y catalyst performance in reforming of fuels will be optimized by selection of appropriate support composition.
